Late embryogenesis abundant (LEA) proteins are related to cellular dehydration tolerance. Most LEA proteins are predicted to have no stable secondary structure in solution, i.e., to be intrinsically disordered proteins (IDPs), but they may acquire a-helical structure upon drying. In the model plant Arabidopsis thaliana, the LEA proteins COR15A and COR15B are highly induced upon cold treatment and are necessary for the plants to attain full freezing tolerance. Freezing leads to increased intracellular crowding due to dehydration by extracellular ice crystals. In vitro, crowding by high glycerol concentrations induced partial folding of COR15 proteins. Here, we have extended these investigations to two related proteins, LEA11 and LEA25. LEA25 is much longer than LEA11 and COR15A, but shares a conserved central sequence domain with the other two proteins. We have created two truncated versions of LEA25 (2H and 4H) to elucidate the structural and functional significance of this domain. Light scattering and CD spectroscopy showed that all five proteins were largely unstructured and monomeric in dilute solution. They folded in the presence of increasing concentrations of trifluoroethanol and glycerol. Additional folding was observed in the presence of glycerol and membranes. Fourier transform infra red spectroscopy revealed an interaction of the LEA proteins with membranes in the dry state leading to a depression in the gel to liquid-crystalline phase transition temperature. Liposome stability assays revealed a cryoprotective function of the proteins. The C-and N-terminal extensions of LEA25 were important in cryoprotection, as the central domain itself (2H, 4H) only provided a low level of protection.
Introduction
Late embryogenesis abundant (LEA) proteins were first described almost 35 years ago as proteins that accumulate during late stages of seed development in plants [1] . Related proteins are also found in other plant tissues, in bacteria, and in some invertebrate animals. In general, these proteins and their encoding genes are induced under environmental stress conditions resulting in cellular dehydration, such as freezing, drought, or desiccation (see [2, 3] for reviews). Most LEA proteins are predicted not to have a stable secondary structure in solution, i.e., to be intrinsically disordered proteins (IDPs; e.g., [4] ). This has been experimentally verified mainly by CD and Fourier transform infra red (FTIR) spectroscopy for several LEA proteins from diverse organisms. In addition, several studies have shown that disordered LEA proteins acquire a-helical structure upon drying (see [2, 5] for reviews).
The genome of the model plant Arabidopsis thaliana contains 51 genes encoding LEA proteins [4] . The Pfam LEA_4 (PF02987) family constitutes the largest group of Arabidopsis LEA proteins with 18 members. LEA_4 proteins or genes have not only been found in all plant species investigated so far but also in several species of invertebrate animals [2, 6] . Several functions in cell stabilization under environmental stress conditions have been proposed for LEA proteins [2, 6] , but the vast majority of experimental evidence has been obtained for a role in either preventing protein aggregation or membrane damage during freezing or drying [5, [7] [8] [9] . Experimental evidence for a stabilizing effect on membranes under stress conditions has so far been obtained for two mitochondrial and two plastidic LEA_4 (PF02987) proteins as well as one cytosolic LEA_5 (PF00477) protein and one dehydrin. The mitochondrial proteins are LEAM from pea (Pisum sativum) seeds [10, 11] and AfrLEA3m from the brine shrimp Artemia franciscana [12, 13] , the plastidic proteins are COR15A and COR15B from Arabidopsis [14] [15] [16] , the cytosolic LEA_5 protein is AfrLEA2 from A. franciscana [12, 13] , and the dehydrin is K 2 from Vitis riparia [17] . All six proteins are disordered under fully hydrated conditions and most fold at least partially into a-helices when completely dried [11, 18, 19] . However, while the A. franciscana and P. sativum proteins may play a functional role in the desiccation tolerance of brine shrimp embryos [6] and pea seeds [11] , respectively, COR15 proteins are highly induced in Arabidopsis leaves upon cold treatment [20] . Arabidopsis leaves are not desiccation tolerant, but COR15A and B stabilize chloroplast membranes when leaves are frozen to a physiologically relevant temperature range (approximately À5 to À15°C) [16] . At these temperatures, water is only partially removed from the cell interior to extracellular ice crystals, leading to increased intracellular solute concentrations. Such crowded conditions inside cells can be mimicked in vitro, e.g., by solutions containing increasing concentrations of glycerol [16, 21] . Such glycerol solutions induce folding in COR15A and stabilize the a-helices of the protein [16, 22] .
In the present paper, we have extended these investigations to two closely related Arabidopsis proteins, LEA11 and LEA25 that are localized in the plastids of flower buds and in the cytoplasm of seeds, respectively [23, 24] . Because LEA25 is much longer than LEA11 and COR15A, but shares a conserved central sequence domain with the other two proteins, we have additionally created two truncated versions of LEA25 to elucidate the structural and functional significance of the central sequence domain. Structural [static and dynamic light scattering (DLS) and CD spectroscopy] and functional (FTIR spectroscopy and liposome stability assays) investigations showed diversity among the proteins in spite of high homology and an important role for the N-and C-terminal extensions of LEA25 in membrane protection. FTIR spectroscopy further indicated interactions of all five proteins with lipid bilayers in the dry state that depressed the gel to liquid-crystalline phase transition temperature and disrupted interlipid H-bonds at the level of the C=O groups, specifically in membranes containing chloroplast galactolipids.
Results

Physico-chemical properties and in silico analysis
The LEA proteins COR15A, LEA11, and LEA25 are phylogenetically related to each other [4] sharing sequence identities between 34% and 21% (Table 1) . LEA25 is the largest of the three proteins. They all share a conserved sequence domain (Fig. 1A) . To elucidate the significance of the large N-and C-terminal extensions in LEA25 compared to COR15A and LEA11, two truncated versions of LEA25, spanning this central region, were generated (2H and 4H in Fig. 1A ). The LEA25 derivative 2H (8 kDa) is predicted to consist of two, while 4H (15 kDa) is predicted to consist of four amphipathic a-helices. A hydrophobicity prediction based on the Kyte-Doolittle algorithm [25] indicated that the N-and C-terminal extensions of LEA25 and also LEA11 showed patterns of hydrophobic amino acids that were not apparent in the other three proteins (Fig. 2) . COR15A  LEA11  LEA25  2H  4H   COR15A  34  25  31  24  LEA11  21  33  30  LEA25  100  100  2H  100  4H Dispite this, all five proteins are highly hydrophilic and enriched in charged amino acids (D, E, R, and K comprise 28-43% of the total amino acid content; Table 2 ). Based on amino acid composition, four of the five proteins have molecular masses between 8 kDa and 15 kDa, while LEA25 is more than four times larger with a molecular mass of 67 kDa. Although the proteins share significant sequence identity, they differ in their isoelectric point (pH 4.74-7.89) and charge at pH 7.0 (from À11.0 to 0.9). Based on predictions made by the IUPRED program [26] , all proteins are mainly unstructured [between 68% (2H) and 96% (LEA11) of the total sequences; Table 2 ]. As noted for several other LEA proteins [5] , the prediction tool SOPMA [27] that predicts protein secondary structure in vacuo yielded high a-helical content (52-84%) for all proteins (Table 2) .
Oligomeric state and secondary structure
All five LEA proteins were recombinantly expressed in Escherichia coli and purified (Fig. 1B) . Protein identity was confirmed by mass spectrometry after tryptic digestion.
Under fully hydrated conditions far-UV CD spectra of the five proteins showed typical features of unstructured proteins with a minimum at about 200 nm (Fig. 3A) . Additional minima in the 210-230 nm region indicate the presence of some secondary structure. Therefore, the contributions of the different secondary structure elements were estimated in comparison to reference datasets (Fig. 3C ). The content of unstructured elements in the fully hydrated proteins comprised between 52% for 4H and 79% for LEA11 in agreement with the shape of the spectra, confirming their intrinsic disorder. However, corresponding CD spectra of the dry proteins (Fig. 3B) showed the typical features of a-helical proteins, i.e., a positive peak at 192 nm and two minima at 208 nm and 222 nm [28] . The helicity of the proteins increased by 46% upon drying in 4H up to 73% in COR15A (Fig. 3D) , while no major changes of sheet or turn contents were observed. The calculation of secondary structure content in dry proteins is associated with some uncertainty because the thickness of the dry protein layer can only be estimated, but not exactly measured. To test the accuracy of our calculations, we therefore obtained CD spectra of bovine serum albumin (BSA) and b-lactoglobulin (LG) in both the hydrated and dry state and calculated their secondary structure content (Fig. 3E,F) . We compared this to the secondary structure content of both proteins extracted from their crystal structures available in the Protein Data Base (PDB). For both proteins, all three structure estimates were very similar, indicating the reliability of our measurements.
Simultaneous static light scattering (SLS) and DLS measurements were performed to determine the hydrodynamic radius and single particle mass of the proteins in solution. To minimize electrostatic interactions, 15 mM NaCl was added to the buffer except for COR15A, which showed increased aggregation in the presence of salt (Fig. 4) . The apparent molecular mass (M app ) of the proteins was obtained from SLS data by extrapolation of M rel (M app /M monomer ) to zero protein concentration. Although LEA11, LEA25, and COR15A contained minor amounts of larger particles, presumably protein aggregates, the native proteins were in all cases monomeric under these conditions (Fig. 4) . DLS was used to characterize the hydrodynamic dimensions of the proteins. These data show that the Stokes radii (RS) of all LEA proteins are relatively large, compared to globular proteins, indicating that all LEA proteins are disordered (Fig. 5 ). This is illustrated using scaling laws of the type RS = a•M app b , where the RS were plotted against M app in comparison with datasets of folded proteins and IDPs [29, 30] . The LEA proteins cluster close to the reference line obtained for IDPs, with LEA11 and the two derivatives of LEA25 (2H and 4H) slightly more compact than COR15A and LEA25.
Folding of the candidate LEA proteins in the presence of TFE 2,2,2-trifluoroethanol (TFE) is the most commonly used cosolvent to investigate the propensity of proteins to fold into an a-helical structure [31] . Disordered proteins can undergo a gradual coil-to-helix transition as increasing amounts of TFE are added to the solution [32, 33] and this behavior was also observed by CD spectroscopy for the five investigated proteins (Fig. 6A-E) . The spectra showed isodichroic points for all proteins, similar to the behavior of two LEA_1 proteins [21] , indicating a two-state transition between mainly unfolded and a-helical conformations. Because all spectra indicated a transition from coil to helical structure, the ellipticity at 222 nm was plotted against the TFE concentration (Fig. 6F) Induction of a-helical structure by crowding and membranes
We used glycerol as a crowding agent to mimic the increase in low-molecular-weight solutes and the concomitant reduction in water availability that accompanies extracellular freezing in plants [16] . The far-UV CD spectra indicated a gradual increase of the LG dry a-helix content of all five proteins with increasing glycerol concentrations ( Fig. 7) . At the highest accessible concentration of 80% predominantly a-helical structure was found in COR15A [22] , 2H, and 4H (90%, 72%, and 89%, respectively), while a-helicity in LEA25 and LEA11 only reached 63% and 50%, respectively. We have shown earlier that COR15A interacts with membranes in the presence of 50% glycerol [16] . Here, we have extended this investigation to all five candidate proteins and the full range of glycerol concentrations (Fig. 7) . Membranes were added to the proteins in the form of liposomes comprising either pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) as a generic model membrane system, or inner chloroplast membrane-mimicking (ICMM) liposomes containing the four major classes of chloroplast membrane lipids [34] . ICMM liposomes are mainly composed of the two galactolipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), accounting for 70% of the total lipid composition [35] . The data show that highquality spectra could be obtained in the presence of both glycerol and liposomes. Interestingly, in these systems, isodichroic points were absent in the cases of LEA25 in the absence of membranes and of COR15A, LEA11, and LEA25 in the presence of POPC liposomes, indicating a more complex folding behavior than in the presence of TFE.
In the absence of glycerol, the presence of neither POPC nor ICMM liposomes induced structure in the LEA proteins, except for LEA25 in the presence of ICMM liposomes, where a-helical structure content increased by 20% (Figs 7 and 8 ). However, additional order was induced in the proteins when the solute concentration was increased in combination with artificial membranes. Protein-specific folding reactions were observed in the presence of the different liposomes. The presence of POPC liposomes induced a marginal decrease in the ellipticity at 222 nm for LEA11 and more strongly for COR15A at glycerol concentrations > 40%, while no effects were seen for the other proteins (Fig. 8) . ICMM liposomes induced additional a-helical structure in COR15A, LEA25, and 2H indicated by the strong decrease of De 222 nm . Interestingly, while LEA25 showed more a-helical structure in the presence of ICMM liposomes in the absence of glycerol, this difference almost disappeared at 80% glycerol, while 2H, which comprises the central part of LEA25, showed an increasing effect of ICMM liposomes with increasing glycerol concentration. CD spectra of LEA11 and 4H in the presence of ICMM liposomes could not be measured due to turbidity of the samples, presumably due to liposome and/or protein aggregation.
LEA proteins interact with lipid membranes in the dry state
As a-helicity was induced in the proteins in the presence of membranes under crowded conditions, we investigated whether the proteins might in turn have an impact on membrane structure. FTIR spectroscopy is a suitable technique to investigate the impact of LEA proteins on membrane structure and lipid dynamics [19, 36] . As water absorbs very strongly in the IR region, interfering with the analysis of FTIR spectra in aqueous solutions, we performed these experiments with dry samples held under vacuum. Under our experimental conditions, samples are anhydrous, excluding the possibility that results are influenced by differences in water content among samples [37] .
Rel. secondary structure content (%) 
Glycerol gradient + POPC Glycerol gradient + no membrane Glycerol gradient + ICMM Fig. 7 . Far-UV CD spectra and relative secondary structure content as calculated from the CD spectra of the proteins in the presence of increasing glycerol concentrations (A-H) (0-80% v/v). Additionally, some samples contained liposomes at a 1 : 10 protein : lipid mass ratio. Liposomes were made either from pure POPC (I-R) or from 40% MGDG, 30% DGDG, 15% SQDG, and 15% EPG (ICMM) (S-X). Error bars represent AE SEM from three different samples. Far-UV CD spectra and relative secondary structure content of COR15A in the presence of increasing glycerol concentrations are not included in the figure because they were recently published [22] .
Melting curves of POPC model membranes in the presence or absence of the LEA proteins, which are mainly a-helical under these conditions (Fig. 3) , were recorded as an up-shift in the asymmetric CH 2 stretching vibration indicating increased lipid fatty acyl chain dynamics [38, 39] . The gel to liquid-crystalline phase transition temperature (T m ) was determined during heating as the midpoint of the melting transition. T m was shifted to lower temperatures in the presence of all candidate LEA proteins (Fig. 9) , but the decrease varied among the proteins. COR15A showed the largest decrease from 58 to 45°C (Fig. 9 inset) , while the effect of the other LEA proteins was only 3 to 6°C. The control protein LG had no measurable impact on T m indicating that even the small effects were LEA protein-specific. All proteins, however, induced a slight increase in fatty acyl chain mobility in both the gel and the liquid-crystalline phase, indicated by a small increase in mCH 2 s below and above the phase transition region. No melting curves could be obtained for the ICMM membranes because the presence of the highly unsaturated galactolipids MGDG and DGDG keeps the membranes in the liquid-crystalline phase even below À30°C [40,41].
The peak positions of the asymmetric choline stretching (mC-N(CH 3 ) 3 as), asymmetric phosphate stretching (mP=Oas), and carbonyl stretching (mC=O) vibrations are all sensitive to H-bonding interaction [37, 42, 43] . However, no changes in the peak positions of mC-N(CH 3 ) 3 as and mP=Oas were observed in POPC membranes in the presence of the proteins, in agreement with earlier data for COR15A [19] . The mC=O vibration gives rise to a major peak at about 1740 cm À1 in the FTIR spectrum, which encompasses two underlying peaks corresponding to H-bonded (~1728 cm À1 ) and free (~1742 cm À1 ) C=O groups ( Fig. 10A-B) [44]. The ratio we determined for the relative areas of these two component peaks (C=O H-bonded /C=O free ) for dry POPC liposomes was 0.5 ( Fig. 10C ), in agreement with previously published data [10, 45] . No changes were observed in this ratio in the presence of any of the proteins. The fraction of C=O groups involved in H-bonding was much larger in dry ICMM membranes, compared to POPC (Fig. 10C ). This was due to the formation of H-bonds between the OH groups in the galactose headgroups of MGDG and DGDG, and the C=O groups of all lipids [41, 45] . A significant decrease in the fraction of C=O groups involved in H-bonds was observed in the presence of all proteins, including the control protein LG (Fig. 10C) , indicating that the proteins partially insert between the lipids in ICMM membranes in the dry state, breaking interlipid H-bonds.
LEA proteins stabilize ICMM membranes during freezing
The effect of the LEA proteins on liposome stability was investigated using a fluorescence spectroscopy-based approach where the fluorescent dye carboxyfluorescein (CF) is loaded into liposomes at a self-quenching concentration. Upon damage to the membranes, dye leaks out into the surrounding buffer and fluorescence emission increases due to dilution [46] . POPC and ICMM liposomes were frozen in the presence of the five candidate LEA proteins and of the folded control proteins BSA, LG, and ribonuclease A (RNase A). Different protein : lipid molar ratios were used, showing concentration-dependent effects (Fig. 11A, B) . The results for the 1 : 250 protein : lipid molar ratio are shown in Fig. 11C , D. Generally, freezing and subsequent thawing induced less damage in POPC liposomes (53% leakage) than in ICMM liposomes (100% leakage). LEA11, 2H, and 4H as well as the control protein RNase A marginally protected POPC liposomes at this concentration during freezing (Fig. 11C ), while they were slightly destabilized in the presence of the control protein LG. Strikingly, the presence of LEA25 induced almost complete disruption of POPC liposomes after freezing and thawing. COR15A, LEA11, LEA25, and the two control proteins BSA and RNase A showed increased liposome damage at higher concentrations (i.e., at lower protein : lipid molar ratios), while 2H, 4H, and LG showed no concentration-dependent effects on freeze-thaw damage (Fig. 11A) . ICMM liposomes, on the other hand, were significantly protected from freeze-thaw damage by all five LEA proteins (Fig. 11D ). LEA11 and LEA25 showed the greatest protection, reducing CF leakage by about 70%. Interestingly, the two truncated versions of LEA25, 2H, and 4H, showed much lower protection than LEA25, similar to COR15. However, all LEA proteins showed increasing protection of ICMM liposomes with increasing protein concentration (i.e., with decreasing protein : lipid molar ratios (Fig. 11B) , while the control proteins showed no concentration-dependent effects.
Discussion
In the present paper, we have investigated the structural and functional properties of three phylogenetically related LEA proteins. They belong to a small subgroup of LEA_4 proteins that is comprised of five members: COR15A, COR15B, LEA11, LEA12, and LEA25 [4, 24] . Both COR15A and B, and LEA11 and 12 are encoded by genes forming tandem repeats on chromosome 2 of A. thaliana. of the genes and the sequences of the proteins in the tandem repeat pairs are highly similar [24] and for COR15A and B also functional redundancy has been shown [16] . We therefore elected to only investigate one member of each tandem repeat pair, COR15A and LEA11. The investigated proteins share a central sequence domain, but LEA25 has large N-and Cterminal extensions compared to the other proteins. We therefore also designed two truncated versions of LEA25 that span either two (2H) or four (4H) predicted central a-helical domains. It should be stressed, however, that the number and location of these helices is only derived from prediction and will need to be experimentally verified, e.g., by NMR spectroscopy. All five proteins are largely unstructured in dilute solution, as determined by CD spectroscopy and light scattering experiments, in agreement with the IUPRED predictions. In addition, the light scattering measurements indicated that all proteins were monomeric in dilute solutions, although a minor amount of larger particles was apparent in COR15A, LEA11, and LEA25. Assuming these particles are spherical in shape, they can be estimated at below 2% of monomer concentration for COR15A and LEA11 and below 5% for LEA25. They therefore constitute a rather insignificant part of the total protein in the samples. Previously, an oligomerization of COR15A has been proposed from size exclusion chromatography [47] . Whether the LEA proteins form oligomers under crowded conditions, in the membrane-bound state or during drying, where folding is induced, remains to be investigated. Oligomerization of a LEA protein from the dehydrin group in the membrane-bound state has been reported from atomic force microscopy studies [48] .
The proteins became at least partly a-helical in the dry state, in agreement with structural predictions made in vacuo. A close correspondence of measured secondary structure in the dry state and structure predicted in vacuo has been found previously for COR15A and B [19] , and several other LEA proteins [10, 13, 36, 49] . This large effect of drying on the folding state was specific for the LEA proteins. Globular proteins such as BSA and LG are only weakly influenced in their structure by drying under our conditions, as shown by CD spectroscopy in this study and previously by FTIR spectroscopy [49] . Folding of the LEA proteins was not only induced by drying but also by titration with TFE or glycerol. Concentrationdependent folding in the presence of TFE was recently also shown for two LEA_1 proteins [21] . This is consistent with the observed folding during drying, as TFE induces folding by desolvation of the protein backbone [50] , which would physically correspond to drying. Concentration-dependent folding in the presence of glycerol was also shown for the two LEA_1 proteins [21] and in addition, other IDPs not related to LEA proteins could be induced to fold in the presence of other osmolytes such as TMAO, sucrose, or proline [51] [52] [53] . In general, osmolytes stabilize folded proteins and induce folding of IDPs because they are preferentially excluded from the protein backbone, resulting in backbone dehydration [54] . We have recently presented evidence from MD simulations that this is also the mechanism that stabilizes COR15A and B in an a-helical conformation in the presence of glycerol by stabilizing intrabackbone H-bonds at the expense of water-backbone H-bonds [22] .
In the presence of glycerol, the presence of membranes, in particular ICMMs, induced additional folding of the LEA proteins investigated in this study. Binding of LEA proteins to membranes or the membrane-mimicking detergent SDS associated with partial folding has been described previously for several dehydrins and other LEA proteins [11, 17, [55] [56] [57] [58] [59] . In all these cases, electrostatic interactions are the drivingforce of protein binding. The proteins interact with negatively charged membrane lipids or the negatively charged phosphate groups in uncharged phospholipids through positively charged amino acid side chains. In our case, the proteins are acidic, with the exception of the slightly basic truncated proteins 2H and 4H. Some proteins, such as LEAM, form amphipathic helices with a characteristic 'stripe' of positively charged amino acids separating the hydrophilic and hydrophobic faces of the helix, as originally described for membrane-stabilizing apolipoproteins [60] . These positively charged amino acids are then able to interact with the phosphate groups of membrane lipids, anchoring the protein to the membrane surface [10] .
The proteins investigated here are not predicted to have such an arrangement of positively charged amino acids (see Fig. 1 and [19,22] ). In addition, FTIR spectroscopy showed no evidence for interactions of the proteins with the membrane lipid phosphate groups. We therefore hypothesize that the LEA proteinmembrane interactions that drive the increased folding of the proteins are mainly due to hydrophobic interactions between the membranes and the hydrophobic faces of the amphipathic a-helices. Although LEA proteins and IDPs in general are highly hydrophilic molecules, the involvement of hydrophobic amino acids in interactions with other proteins has been shown [61] . Likewise, the folding of short peptides on hydrophobic clathrate nanocavities [62] and patterned hydrophobic surfaces [63] has been described, in agreement with our hypothesis.
Two main hypotheses have been put forward to describe the interplay of structural transitions and target binding of IDPs, namely conformational selection and induced fit [64, 65] . Briefly, the induced fit model assumes that an unstructured IDP folds in response to an encounter with a target molecule. The conformational selection model, on the other hand, assumes that the target molecule preferentially binds those conformers that most closely resemble the final bound IDP structure. Therefore, the target molecule selects these conformers out of the large number of unstable conformations that constitute the structural ensemble of a disordered protein. However, these two mechanisms are not necessarily mutually exclusive, as at least in some cases conformational selection may be followed by an induced fit-driven refolding [66, 67] . The data presented here seem most compatible with the conformational selection model. COR15A only binds to membranes in the presence of glycerol, but not in pure water [16] . Likewise, increased folding is only observed in the LEA proteins with increasing glycerol concentrations (with the exception of LEA25 and ICMM). This indicates that a sufficiently large population of at least partially folded conformers must be present in the ensemble to allow Freeze-thaw damage to the liposomes was determined as leakage of the fluorescent dye CF. Error bars represent AE SEM from three parallel samples. Asterisks indicate ANOVA P-values compared to samples without protein (*0.05 < P < 0.01, **0.01 < P < 0.001, and ***P < 0.001).
initial LEA-membrane interactions. In agreement with this hypothesis, it has been shown that hydrophobic interactions between two IDPs that fold upon binding to each other are only established after the initial conformational selection [68] . Similarly, hydrophobic interactions could drive the further folding and stabilization of LEA proteins on a membrane surface. Unfortunately, studies have so far concentrated on proteinprotein interactions of IDPs. From the data presented in our study, it is apparent that global characteristics of the proteins such as hydrophobicity (GRAVY), charge, or molecular mass are not correlated with a-helicity under the investigated conditions or with membrane protection during freezing. Likewise, a-helicity and membrane protection did not show any significant correlations (data not shown). Further experimental and computational analyses will be required to investigate the structural transitions involved in membrane binding and to understand the differences in the folding behavior of the different LEA proteins.
The FTIR data obtained with dry samples are also in agreement with our hypothesis that the LEA proteins bind peripherally to the membranes with an orientation parallel to the membrane surface stabilized by hydrophobic interactions. We found small reductions in T m for all five proteins, similar to those previously observed for COR15A, COR15B [19] , and other LEA proteins [10, 36] , but much smaller than those observed in the presence of disaccharides such as sucrose or trehalose [37, 69, 70] . However, this may be mainly a size effect, as smaller reduction of T m has also been shown for several oligosaccharides [42, 71, 72] , indicating that an optimum interaction between additives and membranes is more readily achieved for smaller molecules. In addition, sugars strongly H-bond to lipid P=O groups [37, 70] , while we did not observe such an interaction for the LEA proteins. On the other hand, the disruption of the interlipid H-bonding network involving the C=O groups and the increase in mCH 2 s in both the gel and liquid-crystalline phases indicate an insertion of the proteins into the membrane surface, leading to increased lipid spacing. Surprisingly, LG showed the same effect on the C=O H-bonding pattern in the absence of an effect on T m or mCH 2 s. This may indicate that the influence of a protein on C=O groups is rather unspecific due to the close proximity of protein and membranes in the dry state and that further functional specificity may be gained by additional interactions such as the hydrophobic interactions between LEA proteins and membranes proposed in the present study. These are unlikely to be present in a globular protein with a largely hydrophilic surface that does not unfold during drying [49] .
The specificity of the LEA-membrane interactions is further indicated by their ability to protect liposomes from freeze-thaw damage. The protective effect was only apparent for ICMM, but not for pure POPC liposomes. A dependence of protection on membrane lipid composition has previously also been shown for LEAM [10] and two brine shrimp LEA proteins [13] , indicating a preference of LEA proteins to protect membranes with a more natural composition than pure PC membranes. In fact, the LEA proteins destabilized POPC liposomes during freezing in a concentration-dependent manner. Unfortunately, no in vivo evidence for binding of these or other LEA proteins to membranes under freezing or dehydration conditions is available yet. Likewise, there is no information available on whether LEA11 and LEA25 specifically protect membranes, or whether they can also stabilize enzymes under such stress conditions. Only for COR15A, it has been shown that it does not contribute to the stability of chloroplast enzymes during freezing in vivo [16] .
In addition, the five LEA proteins investigated in the present study were more effective membrane stabilizers for ICMM liposomes than the three globular control proteins, but varied in their effectiveness among each other. The fact that LEA25 was much more effective on a molar basis than 2H or 4H clearly indicated that the long C-and/or N-terminal extensions of LEA25 play an important part in the ability of the full-length natural protein to protect membranes under stress conditions. However, this was not merely a protein size effect, as LEA11, which has a similar size as 4H, was as effective as LEA25. Interestingly, both LEA11 and the N-and C-terminal parts of LEA25 show distinct patterns of hydrophobic amino acids that may play a role in the superior membrane protection of LEA11 and the fulllength LEA25 proteins. Further targeted mutational studies will be necessary to understand the complex sequence-structure-function relationships that underlie the membrane stabilization and ultimately cellular stress tolerance provided by these proteins.
Materials and methods
Cloning, expression, and purification of recombinant LEA proteins Full-length cDNA clones were obtained from RIKEN (Tokyo, Japan) RAFL collection for the A. thaliana genes COR15A (At2g42450), LEA11 (At2g03740), and LEA25 (At2g42560) [73, 74] . The two derivatives 2H and 4H were derived from the LEA25 cDNA. The cDNA sequences encoding the mature proteins lacking the N-terminal signal peptides were amplified by PCR. To obtain untagged COR15A and LEA25, the respective cDNAs were cloned into the pETite N-HIS Kan SUMO vector (Lucigen; http:// www.lucigen.com). LEA11, 2H, and 4H were cloned into the pENTR/SD/D-TOPO vector (Gateway; http://www.thermof isher.com) and subsequently subcloned into the pDEST14 vector for expression in E. coli. The identity of all inserts was checked by sequencing. The vectors containing COR15A, LEA11, or LEA25 were expressed in E. coli strain Rosetta (DE3) pLys S (Novagen, Madison, WI, USA). The vector containing 2H was expressed in the E. coli strain Bl21* (DE3; Invitrogen, Carlsbad, CA, USA) and 4H in Bl21 (DE3; Lucigen). After harvest, cell pellets were resuspended, sonicated, and bacterial cell lysates were incubated in a water bath at 100°C for 10 min. Precipitated proteins and cell debris were removed by centrifugation (4500 g, 45 min, 4°C). COR15A and LEA25 were purified by affinity chromatography using a 5 mL HIS Trap HP column (GE Healthcare; http://www.gehealthcare.com). LEA11, 2H, and 4H were purified by anion exchange chromatography using a 5 mL HiTrap SP XL column. All protein solutions were filtered through a 0.2 lm filter prior to application to the column. The HIS Trap HP column was equilibrated with 20 mM sodium phosphate and 0.5 M NaCl (pH 7.4), and the respective protein was eluted from the column with increasing concentrations of imidazole (0.05-0.25 M). The HiTrap SP XL column was equilibrated with 20 mM sodium acetate (pH 4.3) and the respective protein was eluted from the column with increasing concentrations of NaCl (0.1-0.5 M). Removal of the HIS tag and final purification steps were performed for COR15A and LEA25 as described in detail recently [22] . Subsequently, protein solutions were dialyzed twice against ddH 2 O overnight at 4°C (MWCO: 3500 Da, Spectrumlabs; http://de.spectrum labs.com). Purified proteins were lyophilized and stored at À20°C. Protein purity was evaluated by SDS/PAGE [75] . Protein identity was verified by mass spectrometry after tryptic digestion.
Far-UV CD spectroscopy
CD spectra were recorded with a J-815 spectropolarimeter as described in detail previously [19] . Solutions containing 0.5 mgÁmL À1 protein were measured in a 0.1 mm pathlength cuvette. Three spectra were accumulated with a response of 4 s, 1 nm data pitch, 1 nm band width from 260 to 180 nm. Dry samples were obtained by spreading 20 lL of a 2 mgÁmL À1 protein solution on a CaF 2 window and drying the samples under vacuum over night. Samples were mounted in the spectrometer on a single window and measured immediately. Repeated measurements ensured that there were no changes in the spectra over the time required to collect the data. Triplicate samples were measured for all proteins under all conditions. Protein concentration in the dry samples was estimated from the absorbance at 193 nm measured in the CD spectrometer as described previously [19] . CD spectra were analyzed with the CDPRO Software [76] using reference sets 6 and 7 including spectra of denatured proteins. Data from three measurements were averaged for each experimental condition and are shown AE SEM.
Formation of liposomes
Monogalactosyldiacylglycerol, DGDG, sulfoquinovosyldiacylglycerol (SQDG), and egg phosphatidylglycerol (EPG) were purchased from Lipid Products (Redhill, Surrey, UK) and POPC from Avanti Polar Lipids (Alabaster, AL, USA). Lipids dissolved in chloroform were mixed in the respective ratios in a glass tube and dried under a stream of N 2 at 60°C. Traces of solvent were removed under vacuum overnight. Lipids were hydrated in either ddH 2 O or TEN buffer (10 mM TES, 50 mM NaCl, 0.1 mM EDTA (pH 7.4)). Liposomes were formed by extrusion with a handheld extruder with two layers of polycarbonate membranes with 100 nm pores ( [77] ; Avestin, Ottawa, Canada). ICMM liposomes consisted of 40% (w/w) MGDG, 30% (w/w) DGDG, 15% (w/w) SQDG, and 15% (w/w) EPG.
FTIR spectroscopy
Fourier transform infra red spectra were recorded with a PerkinElmer (Rodgau, Germany) GX2000 FTIR spectrometer. Proteins (2.5 mgÁmL
À1
) were dissolved in ddH 2 O and mixed with liposomes in ddH 2 O. Samples (50 lL) were spread on CaF 2 windows and dried under vacuum overnight. The sample compartment of the spectrometer was continuously purged with N 2 . Spectra were recorded from 4000 to 900 cm À1 and analyzed using SPECTRUM 10.4.3 software (PerkinElmer). For melting curve measurements, a 1 : 25 protein : lipid mass ratio was used. Temperature scans were performed from À30 to 120°C with a warming rate of 1°CÁmin À1 as described in detail before [37, 40] . The T m of the lipids was determined as the midpoint of the shift of the symmetric CH 2 stretching vibration mCH 2 s at around 2851 cm À1 during warming [39, 43] . Three samples were averaged for each experimental condition. The carbonyl stretching vibration peak (mC=O) in the infrared region (1800-1700 cm À1 ) was analyzed at a 1 : 4 protein : lipid mass ratio and 64 spectra were coadded. The mC=O peaks were analyzed by deconvolution using IGORPRO 6.36 software (https://www.wavemetrics.com/Products/igorpro/igorpro.htm).
Carboxyfluorescein (CF) leakage assay
Lipids were hydrated in 100 mM CF (Molecular Probes, Eugene, OR, USA), 10 mM TES, 0.1 mM EDTA (pH 7.4), and extruded as described above. Liposomes containing CF were purified over NAP5 Sephadex columns (GE Healthcare) equilibrated with TEN buffer and were mixed with proteins suspended in the same buffer at molar protein : lipid ratios from 1 : 35 to 1 : 2200 (final lipid concentration~6 mM). Samples were rapidly frozen in an ethylene glycol bath precooled to À20°C [78] . After 2 h, samples were warmed quickly to room temperature in a water bath. CF fluorescence was measured with a Fluoroskan Ascent (Labsystems, Helsinki, Finland) microplate reader at an excitation wavelength of 444 nm and an emission wavelength of 555 nm. CF leakage from the liposomes was determined as described previously [35, 71] .
Dynamic and static light scattering (DLS/SLS)
Simultaneous DLS and SLS measurements were performed at a scattering angle of 90°C with a custom-built apparatus equipped with a high quantum yield avalanche photo diode, a 0.5 W diode-pumped continuous-wave laser (Cobolt Samba 532 nm, Cobolt AB, Stockholm, Sweden), and an ALV 7002-25 ns correlator (ALV-GmbH, Bargteheide, Germany) at 23°C. Prior to measurements, protein solutions were filtered through a 0.1 lm filter (Anotop10, Whatman, Maidstone, UK) and subsequently 80 lL of the filtered solution was transferred into a 0.3 cm rectangular fluorescence cell. The sodium phosphate (10 mM; pH 7.4) buffer was used for COR15A and additional 15 mM NaCl was included in the buffer for the measurements of LEA11, LEA25, 2H, and 4H. The refractive index for the two buffer solutions (n 0 = 0.945 and 0.950 mPa.s) was determined by a refractometer and the viscosity (g = 1.3334 and 1.3355) by an Ubbelohde-type viscometer (Viscoboy-2, Lauda, K€ onigshofen, Germany) at 23°C. For the determination of apparent molecular masses, a refractive increment @n/@c = 0.19 mLÁg À1 was used [29] . For DLS measurements, scattering intensity fluctuations were recorded over 10 s with at least 50 accumulations of 10 s each. Data evaluation of the resulting autocorrelation functions was performed using a custom-made MatLab script (The MathWorks, Natick, MA, USA). Data evaluation included fit of the autocorrelation functions using the CONTIN package [79] . For each protein sample, diffusion coefficients were calculated at different protein concentrations and extrapolated to zero concentration. The extrapolated diffusion coefficients were transformed to hydrodynamic radii using the Stokes-Einstein equation. For SLS measurements, the mean scattering intensity of the sample was recorded and used for molecular mass calculation, using toluene as a standard. The scattering intensity of the protein samples was corrected for scattering of the solvent and eventual small amounts of larger particles in solution identified by DLS [29] .
Bioinformatic analysis
Clustal omega [80, 81] was used for the pairwise and multiple amino acid sequence alignments of the investigated proteins. The theoretical pI and grand average of hydropathy (GRAVY) values were assessed by the ExPASy-ProtParam tool (http://web.expasy.org/protparam/; [82] ). Charge at pH 7.0 was determined using PROTEINCALCULATOR v3.4 (http:// protcalc.sourceforge.net/) and the tendency of disorder of candidate LEA proteins was predicted by IUPRED [26] . Secondary structure prediction in vacuo was done with the SOPMA webtool [27] and the Kyte-Doolittle scale [25] was used for hydrophobicity plots. To generate the helical wheel diagrams of 2H and 4H, several secondary structure prediction tools were used in the first step followed by the 'simple majority' principle for consensus [19] . The resulting a-helical domains of 2H and 4H were then visualized as helical wheel projections using the HELIQUEST webtool (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py; [83] ).
